Granulocyte colony-stimulating factor (G-CSF) is one of the most critical cytokines used for the treatment of acute radiation syndrome (ARS). In addition to the hematopoietic effects of G-CSF on the differentiation and proliferation of myeloid progenitor cells, G-CSF is also known to have immunomodulatory effects. The aim of the present study was to investigate whether G-CSF could accelerate central and peripheral T lymphocyte recovery after a sublethal dose of irradiation. Female BALB/c mice were subjected to 6 Gy of total body irradiation and then were treated with either 100 μg/kg G-CSF or an equal volume of PBS once daily for 14 days. Percentages of thymocyte subpopulations including CD4 − CD8 − , CD4 + CD8 + , CD4 + CD8− and CD4 − CD8+ T cells, peripheral CD3 + , CD4+ and CD8+ cells were analyzed by flow cytometry. Recent thymic emigrants (RTEs) were assessed by real-time polymerase chain reaction (PCR) using primers specific to the 257-bp T cell receptor rearrangement excision circles (sjTRECs). The proliferative capacity of splenic mononuclear cells upon exposure to ConA was measured by using the Cell Count Kit-8 (CCK-8). G-CSF treatment promoted thymocyte regeneration, accelerated the recovery of CD4 + CD8+ cells and increased the frequency of thymocyte sjTRECs. These effects were more prominent at early time points (Day 28) after irradiation. G-CSF also increased the rate of recovery of peripheral CD3 + , CD4+ and CD8+ cells and shortened the period of severe lymphopenia following irradiation. G-CSF also increased the splenic mononuclear cell mitotic responsiveness to ConA more than controltreated cells. Our results show that G-CSF accelerates T cell recovery through both thymic-dependent and thymic-independent pathways, which could be used to increase the rate of immune reconstitution after sublethal irradiation.
INTRODUCTION
Acute radiation syndrome (ARS), also known as radiation sickness, is defined by the signs and symptoms that occur after exposure to radiation. These symptoms arise following total body or partial body irradiation at a relatively high dose. Cells that have a rapid turnover rate such as hematopoietic cells are particularly sensitive to the effects of radiation. The hematopoietic cells include the immune cells, which can explain the observed impairment of the immune system in patients exposed to radiation. Bone marrow (BM) suppression and delayed immune reconstitution are the two primary causes of death after accidental or intentional exposure to moderate or high dose total body irradiation (TBI).
Management of acute myelosuppression has been significantly improved in recent years by the use of various hematopoietic growth factors (HGFs) such as granulocyte colony-stimulating factor (G-CSF), granulocyte/macrophage colony-stimulating factor and erythropoietin [1] . G-CSF remains the gold standard growth factor to counteract myelosuppression. Consensus treatment guidelines have been established in Europe and the United States [2, 3] , which recommend that for moderate to severe myelosuppression corresponding to level 3 or 4 hematotoxicity [2] or grades H2 and H3 of the METROPOL clinical response scoring system [3] , G-CSF should be administered soon after exposure.
Following immunosuppression, T cells appear to be regenerated more slowly than other cell types [4] . Furthermore, two pathways of T cell regeneration have been identified: thymic-dependent maturation of new T cells and thymic-independent expansion of mature peripheral T cells termed 'homeostatic peripheral expansion' (HPE) [5] . Defects in thymic production and HPE have been shown to impair effective T cell regeneration [6] . Several different mechanisms participate in the homeostatic control of T cell numbers and distribution, of which the cytokines IL-7 and IL-15 appear to be especially important [7, 8] . In addition to its hematopoietic properties, G-CSF is also known to exert pleiotropic effects on various immune cells [9] [10] [11] . Previous studies have shown that G-CSF alters the cytotoxic ability of natural killer (NK) cells [9] as well as the cytotoxic effectors activated by interleukin-2 (IL-2) [10] and the alloantigen-presenting capability of the immune accessory cells [11] . In the context of progenitor cell mobilization, G-CSF significantly increases the absolute number of peripheral T cells and profoundly influences their function [12] , but little is known about whether G-CSF can stimulate T cell reconstitution after acute irradiation.
In this study, a sublethally irradiated mouse model was used to explore whether G-CSF might have some effects on central and peripheral T cell reconstitution. Interestingly, we found that G-CSF accelerated thymocyte regeneration, increased recent thymic emigrant cells, and accelerated central and peripheral T lymphocyte subset reconstitution.
MATERIALS AND METHODS

Mice
Female BALB/c (H-2d/d) mice between 8 to 12 weeks of age were purchased from the Animal Center of the Chinese Academy of Military Medical Sciences (Beijing, China). Mice were housed in sterilized cages and were maintained in a temperature-controlled (21-23°C), specific pathogenfree environment with a relative humidity between 50% and 60%. Mice received sterilized, commercial rodent chow and filtered water ad libitum. All experiments were approved by the local review board of the Chinese Academy of Military Medical Sciences in Beijing, China and were performed in accordance with national and international guidelines for laboratory animal care.
Irradiation and G-CSF administration
Recombinant human G-CSF (Sihuan Inc., Beijing, China) was diluted in phosphate-buffered saline (PBS) at a concentration of 10 μg/ml immediately before injection. BALB/c mice were sublethally γ-irradiated with a single dose of 600 cGy administered at a rate of 187 cGy/min using a cobalt source (GWXJ80 Theratron; Nuclear Power Institute of China, Sichuan, China). Immediately after irradiation, mice were injected subcutaneously with G-CSF (100 μg/kg) or with a similar volume of PBS once daily for 14 days. For all data, Day 0 refers to the day on which the mice were irradiated and received their first treatment. This therapeutic regimen for G-CSF was determined based on previous human clinical trials and scaled accordingly [13] .
Peripheral hematological analysis
Approximately 30 μl of peripheral blood was collected from the lateral tail vein and was mixed with the anticoagulant Na 2 -EDTA (Beijing Chemical Agent Co., Ltd, Beijing, China). Automated hematological analysis was performed on the blood samples using a Sysmex MEK-7222K automated hematology analyzer (Nihon Kohden, Japan) with settings appropriate for the analysis of mouse samples. The following blood components were determined: white blood cell (WBC) count, platelet count, hemoglobin (HGB) level and absolute number of neutrophils and lymphocytes.
Preparation of thymocyte suspension
Thymi were harvested from BALB/c mice at Days 7, 14, 21, 28 and 60 after irradiation. Thymocytes were gently passed through sterile stainless steel mesh strainers into cold RPMI 1640 medium (GIBCO, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FCS). Thymocytes in suspension were centrifuged at 200 × g for 10 min and then were resuspended in cold PBS at a concentration of 5 × 10 6 cells/ml. The cells were stored at 4°C until further use.
Lymphocyte flow cytometry
Rat anti-mouse CD4-FITC (GK1.5), CD8-PE (53-6.7) and CD3-PerCP (145-2c11) antibody conjugates were used for peripheral T cell subset analysis by flow cytometry. Rat anti-mouse CD4-FITC (GK1.5) and CD8-PE (53-6.7) were used for thymocyte subset analysis. All fluorochromeconjugated monoclonal antibodies (mAbs) and their appropriate isotype controls were purchased from eBioscience (San Diego, CA, USA). Fifty microliters of whole blood or 1 × 10 6 thymocytes were incubated with anti-mouse CD16/ CD32 FcR (2.4G2) (eBioscience Inc.) for 20 min at 4°C to prevent nonspecific binding. The samples were treated with FACS lysis solution (Becton Dickinson, San Jose, CA, USA) to remove red blood cells and then were washed twice with PBS. Cells were stained as previously described [14] and then analyzed using a Coulter EPICS XL-MCL flow cytometer operated with System II software (Coulter). For each sample, a lymphocyte gate was established based on the linear forward scatter and side scatter.
Quantification of mouse TCRα excision circles
Thymocytes were precisely counted and centrifuged for 2 min at 12000 rpm. Cell pellets were immediately resuspended in a 0.8 mg/ml solution of proteinase K (Boehringer Mannheim, Germany) digestion buffer (1 × 10 5 cells/10 μl of buffer). Samples were incubated for 1 h at 56°C followed by 10 min at 95°C to inactivate the proteinase K. Real-time quantitative PCR was performed on 5 μl of cell lysate (equivalent to 50 000 cells) using the mδRec primer 5-CAAAAGAGGAAAGGAAGGCAGTC, the ψJα primer 5-AAGGCATAAAGCGACACGAAGA and the mδRec-ψJα probe 5-FAM-CTGCTGTGTGCCCTACCCTGCCC-TAMRA-3. Primers and fluorescent probes were synthesized by Invitrogen (Carlsbad, CA, USA). PCR reactions contained 0.5 μM each of primer, 0.3 μM fluorescent probe, 1x Platinum Quantitative PCR Supermix-UDG (Invitrogen), and 1x Blue-636 reference dye (MegaBases, Evanston, IL, USA). Amplifications were performed in duplicate on a STRATAGENE MX3500P sequence Detection System (Agilent Technologies, Inc. Santa Clara, CA, USA) and were analyzed using the associated software as previously described [15] . PCR conditions were as follows: 95°C for 5 min, then 40 cycles of 95°C for 30 s, 59°C for 30 s and 72°C for 30 s. The number of molecules of murine TRECs was doubled to normalize the values per 100 000 cells.
Standard curves for murine TRECs were generated by cloning a 257-bp fragment of the δRec-ψJα PCR product into the pGEM-T Easy vector (Invitrogen). The plasmid was transformed into E. coli and was isolated by using IPTG (Merck & Co.). Stock dilutions of 10 T cell proliferation assay T cell proliferation was assessed by using the Cell Counting Kit-8 (Dojindo, Kumomoto, Japan) according to the manufacturer's instructions. Briefly, the splenic mononuclear cells (MNCs) were collected and were suspended in RPMI 1640 medium supplemented with 10% FCS to a final concentration of 1 × 10 6 cells/ml. One hundred microliters of each cell suspension was added to a 96-well plate and was stimulated with 5 μg/ml ConA. After 48 h, 10 µl of CCK-8 reagent was added to each well. The plates were incubated at 37°C for 1.5 h, and then the absorbance (A) was measured at 450 nm using a microplate reader (Bio-TeK).
Statistical analysis
The results are expressed as the mean ± SD. P-values were calculated by using Student's two-tailed t-test. P-values less than 0.05 were considered significant for all tests.
RESULTS
Effects of G-CSF on thymocyte proliferation and T cell subset distribution
The total number of thymocytes decreased sharply after irradiation and reached approximately 5% of the basal level by Day 7. The thymocyte count began to increase by Day 14 and returned to the basal level at Day 60. Although G-CSF treatment had a minimal effect on the nadir level of the thymocytes post-irradiation, G-CSF significantly accelerated thymocyte reconstitution. The number of thymocytes in the G-CSF-treated group was significantly higher than the time-matched control-treated samples at Days 14, 21 and 28 post-irradiation (Fig. 1) .
During thymopoiesis, bone-marrow-derived T progenitors (CD4-CD8-double-negative (DN) cells) migrate to the thymus, expand and mature. Thymopoiesis is the process of thymocyte differentiation and maturation resulting in CD4 or CD8 expression and the export of the mature T cells into the periphery. During thymopoiesis, T cells begin as CD4-CD8-double negative (DN) cells and then gain the expression of both CD4 and CD8 to become CD4 + CD8+ double positive (DP) cells. During the last Fig. 1 . Effects of G-CSF administration on the number of total thymocytes BALB/c mice were exposed to 6 Gy total body irradiation and were treated with 100 μg/kg G-CSF or a similar volume of PBS (control) once daily for 14 days. Thymocytes were collected, and the cell numbers were carefully counted. Values represent the mean ± SD of six independent animals per group. *P < 0.05, **P < 0.01 compared with PBS-treated control.
step of maturation, the DP T cells down-regulate the expression of either CD4 or CD8 and become CD4+ or CD8 + single positive (SP) cells [16] . During the steady-state of the adult mouse thymus, phenotypic studies using flow cytometry analysis have shown that approximately 70-80% of thymocytes are CD4 + CD8+ DP cells, 10-20% are CD4 + SP cells, 5-6% are CD8+ SP cells and less than 3% of thymocytes are CD4-CD8-DN cells. Furthermore, the CD4:CD8 ratio in the thymus appears to be similar to the peripheral blood. Among the four subsets of thymocytes, CD4 + CD8+ DP cells showed the most radio-sensitivity, and the reconstitution of DP cells appears to follow a biphasic pattern. As shown in Fig. 2 , CD4 + CD8+ DP cells were strongly affected by irradiation and decreased to less than 10% of the thymocytes by Day 7. Simultaneously, the relatively radio-resistant CD4-CD8-thymocytes showed a relative increase in numbers to nearly 90%. Upon the maturation and differentiation of the DN cells, the percentage of CD4 + CD8+ DP cells in both G-CSF-and PBS-treated groups returned to their basal levels by Day 14. However, this recovery was apparently temporary because a second decrease in the CD4 + CD8+ DP cell population was detected in both groups at Day 21 post-irradiation, which led to different recovery rates between the two groups. In G-CSF-treated mice, CD4 + CD8+ DP cells regenerated rapidly and permanently to the basal level by Day 28, whereas the PBS-treated control mice did not recover from the second decrease in the CD4 + CD8+ DP cell population until Day 60 post-irradiation. CD4+ SP and CD8+ SP cells were also significantly affected by irradiation and reached to their nadir at Day 7 and Day 14, respectively. After this decline, both CD4+ SP cells and CD8+ SP cells returned to their respective basal levels by Day 28. G-CSF appeared to increase the preference of DP cells to differentiate into CD8 + SP cells because by Day 21, the percentage of CD8+ SP cells was significantly higher than that of the control group (P < 0.05).
Effects of G-CSF on recent thymic emigrant cells
Signal-joint T cell receptor excision circles (sjTRECs) are stable circular DNA fragments that are excised in developing T lymphocyte at the double-negative thymocyte stage when the TCRα chain undergoes rearrangement [17] . These circular episomes are detected in T cells that are recent thymic emigrants or long-lived naive T cells. Because sjTRECs are not replicated during T cell proliferation, the number of sjTRECs per mg of thymus tissue or per 100 000 lysed cells can be used as a molecular marker of thymopoiesis. The sjTREC assay in mice was established by Sempowski et al. [18] and was used in the present study to assess thymocyte recovery in the control-treated and G-CSF-treated mice. In female BALB/c mice, the mean sjTREC frequency was 13 800 ± 873, which is similar to values that have been previously reported [19] . Table 1 Fig . 2 . Effects of G-CSF administration on the thymocyte subset distribution.
BALB/c mice were exposed to 6 Gy of total body irradiation and were treated with 100 μg/kg G-CSF or an identical volume of PBS (control) once daily for 14 days. Thymocyte subsets CD4 + CD8+ ( Fig. 2A) , CD4-CD8- (Fig. 2B) , CD4 + CD8- (Fig. 2C ) and CD4-CD8+ (Fig. 2D) were detected once a week post-irradiation by flow cytometry. Values represent the mean ± SD of six independent animals per group. *P < 0.05, **P < 0.01 compared with PBS-treated control.
shows that mice treated with G-CSF had a significantly higher sjTREC frequency when compared with the control mice at Day 30 after irradiation (P < 0.01). However, by Day 60 post-irradiation, the sjTREC frequency was no longer statistically significantly different between the two groups.
G-CSF accelerates peripheral T cell proliferation and T cell subset reconstitution
To determine whether G-CSF may have some influence on peripheral lymphocyte proliferation and subset distribution, an automated hematologic analyzer and flow cytometry were used to detect the absolute lymphocyte count (ALC) and the lymphocyte composition. As shown in Fig. 3 , profound lymphopenia developed in both treatment groups following 6 Gy of total body irradiation. ALC in the PBS-treated controls reached a nadir at approximately onetenth of the basal level at Day 7, remained substantially reduced for a period of 13 to 15 days and then increased to approximately 50% of the basal level by Day 28. Similar to the effects on WBCs such as neutrophils (Fig. 3A) , G-CSF markedly accelerated the recovery of lymphocytes (Fig. 3B ) from similar nadir levels. In mice treated with G-CSF, lymphocytes began to increase approximately 11 days postirradiation and a significantly higher ALC was observed at Day 14 (P < 0.05), Day 17 (P < 0.01) and Day 21 Fig. 3 . Effects of G-CSF administration on peripheral WBC and lymphocyte reconstitution. BALB/c mice were exposed to 6 Gy of total body irradiation and were treated with 100 μg/kg G-CSF or an identical volume of PBS (control) once daily for 14 days. Peripheral blood samples were collected, and the white blood count (WBC) (Fig. 3A) , absolute lymphocyte count (ALC) (Fig. 3B) , and the absolute number of CD3+ (Fig. 3C) , CD4+ (Fig. 3D ) and CD8+ T cells (Fig. 3E) were determined. Values represent the mean ± SD of 10 independent animals per group. *P < 0.05, **P < 0.01 compared with PBS-treated control mice.
(P < 0.01). From Day 28 to Day 60, the ALC in the two groups showed no significant differences (data not shown).
To determine to what extent the improved lymphocyte recovery in the G-CSF-treated group was due to T cell reconstitution, the absolute numbers of peripheral CD3 + , CD4 + and CD8+ cells were quantified at Days 14, 28 and 60 after irradiation. As shown in Fig. 3 , G-CSF significantly accelerated the recovery of both CD4+ and CD8+ cells, which was particularly evident by Day 14 and Day 28 underscored by a prominent increase in CD3+ cells. Both the percentage and the absolute number of CD8+ T cells showed an increase in the G-CSF-treated mice. The G-CSF-treated mice harbored five-fold more CD8+ T cells per microliter of blood by Day 14 and four-fold more CD8 + T cells per microliter of blood by Day 28 when compared with the control-treated mice. Although the relative number of CD4+ T cells was similar between the two groups, the absolute number of CD4+ T cells per microliter of blood was significantly higher in the G-CSF-treated mice due to an overall increase in the CD3+ lymphocyte population. In addition, mice treated with G-CSF tended to maintain the CD4/CD8 ratio within a relatively normal range better than the control-treated mice.
In vitro proliferative responses to ConA of lymphocytes from G-CSF-treated mice
To assess the effects of G-CSF administration on the proliferative capacity of mouse T cells after irradiation, the CCK-8 kit was used following ConA stimulation of T cells. As shown in Fig. 4 , G-CSF significantly promoted T cell proliferation. The OD value of splenic mononuclear cells from G-CSF-treated mice was almost two-fold higher than the control-treated mice on Day 14 after irradiation. By Day 60, the number of T cells in both groups returned to the basal level, but slight albeit significantly higher proliferation was observed in cells derived from G-CSF-treated mice. These results suggest that G-CSF may have a profound influence on T cell proliferation even several days after irradiation.
DISCUSSION
ARS following an accidental or intentional exposure to radiation leads to multi-organ failure. Depending on the energy, dose and geometric distribution of the exposure, bone marrow aplasia could arise concomitantly with gastrointestinal syndrome, skin burns, central nervous system failure and failure of several other organs. Until recently, only hematopoietic disorders could be counteracted with the appropriate therapies [20] . With the development of hematopoietic stem cell transplantation (HCT) and intense supportive therapy, bone marrow aplasia may not be a fatal outcome of radiation sickness, but injury to the immune system remains a hurdle in the effective management of ARS.
Of the multiple cell lineages affected by ARS, this study focused on the reconstitution of the T cell population of the immune system. Two pathways of T cell regeneration were identified: the thymic-dependent maturation of new T cells from bone marrow progenitors and thymic-independent expansion of mature peripheral T cells [5] . In irradiated lymphopenic hosts, both processes appear to contribute to the reconstitution of subsets of CD4+ and CD8+ cells.
G-CSF has been the golden standard therapy for patients suffering from 2-6 Gy of total body irradiation [2, 3] . Previous studies have shown that G-CSF can enhance hematological recovery and improve the survival of irradiated mice, which is most likely due to the effect of G-CSF on the differentiation and proliferation of the myeloid progenitor cells [21] . However, this study shows that G-CSF can support the recovery of both thymicdependent and thymic-independent pathways of T cell regeneration, which promotes a more rapid and successful T cell immune reconstitution.
The thymus is the primary site for T-cell development, and the thymic-dependent pathway becomes severely compromised after irradiation due to the high radiation sensitivity of thymocytes. Sublethal radiation damage is transient as the regeneration of the irradiated thymus is remarkably rapid; the percentage of CD4 + CD8+ T cells returned to basal levels by Day 14 after irradiation. However, the process of CD4 + CD8+ double positive cell reconstitution was biphasic showing two waves of regeneration between Days 7 and 14 and after Day 21. Between Days 14 and 21 a severe relapse was observed similarly to other studies [22] . The thymic regeneration process depends not only on the proliferation of intrathymic radio-resistant precursors The results are presented as the mean ± SD (n = 5). Double asterisks (**) represent statistically significant differences where P < 0.01 compared with the time-matched control-treated mice.
but also on the mobilization of stem cells from the BM to the thymus and differentiation to mature T lymphocytes. Radio-resistant thymocytes, mainly of the CD4-CD8-phenotype, appeared to be responsible for the first wave of reconstitution, which started relatively rapidly and gave rise to all thymocyte subsets. The second wave of regeneration was mainly driven by the early T cell progenitors as they migrated from the bone marrow and matured in the thymus. The results from previous experiments have shown that when irradiation was immediately followed by an intrathymic injection of bone marrow cells, the relapse in thymus reconstitution was no longer observed [22] . These results suggest that increased availability of functional early T cell progenitors may dramatically enhance CD4 + CD8+ cell reconstitution [23, 24] . As one of the most important hematopoietic cytokines, G-CSF mobilizes bone marrow stem cells into the peripheral blood, which eventually reach the thymus. However, as previously described [25] , very few stem cells can give rise to the optimal T cell development in a sublethally irradiated thymus if exogenous growth factors are provided. In our study, although G-CSF did not prevent the interruption in CD4 + CD8+ cell regeneration, G-CSF significantly shortened the period of reduced T cells and quickly promoted the second phase of regeneration. Our data support a model whereby G-CSF potentiates stem cell migration to the thymus and possibly induces stem cell proliferation and differentiation within the thymus.
In addition to the effects of G-CSF on the migration of bone marrow precursor cells to the thymus, hematopoietic cytokine expression (mRNA and protein) by thymic epithelial cells (TECs) or whole thymus tissue has suggested additional possible regulatory mechanisms of thymopoiesis and thymic involution. In previous studies [26] , the transcription of G-CSF mRNA was detected in the TECs and functional G-CSF was found in the supernatant of TEC culture systems in vitro. Thymic epithelial cells also produce a variety of other colony stimulating factors and hematopoietic cytokines such as IL-1, IL-3 and IL-6 [27] , which can influence the complex process of thymopoiesis. Although G-CSF seemed unlikely to play a direct role in thymocyte proliferation, G-CSF can synergize with these cytokines to enhance intrathymic T cell development.
Renewed thymopoiesis may be assessed by using several indicators including thymic imaging, naive T cell frequency, TCR excision circle quantity and spectrotype patterns [28] [29] [30] . Measurement of TCR rearrangement excision circles (TRECs) provides a means of quantifying thymic productivity [31] . Robust thymopoiesis is reflected by a high frequency of TREC-bearing naive cells, termed 'recent thymic emigrants' (RTEs). RTEs are proportional to the level of BM precursors that migrated to the thymus as well as the availability of the thymic stroma [32, 33] . The frequency of sjTRECs in G-CSF-treated mice was significantly higher than that of the control-treated mice at Day 30 after irradiation. However, the effects of G-CSF decreased with time and by Day 60 after irradiation, the two groups had similar sjTREC frequencies, which were below the basal level. A possible explanation for these findings is that the dosage and/or duration of G-CSF administration used in our experiments were insufficient to sustain a long-term effect on thymic RTE levels. Future studies should determine whether increasing the G-CSF dosage or prolonging the treatment duration would correlate with an increased effect on thymic RTEs.
Although the thymic-dependent pathway can provide stable, diverse T cell reconstitution, the contribution of this pathway to immune system reconstitution following a radiological insult is delayed by the period of thymic reconstruction. An alternative pathway for T cell development is through the rapid cell division of mature T cell clones termed homeostatic peripheral expansion 'HPE' [34, 35] . In this study, 6 Gy of TBI depleted most of the lymphocytes causing severe lymphopenia that persisted for approximately 18 days. Following the period of lymphopenia, residual T cells began rapid regeneration consistent with a predominant HPE mechanism. Treatment with G-CSF had a significant effect on the expansion of residual T lymphocytes and shortened the period of lymphopenia. The T cellpromoting effects of G-CSF have also been observed when G-CSF was used to mobilize hematopoietic progenitors into the peripheral blood of a healthy donor. Previous studies have demonstrated that in G-CSF-treated animals, the yield of T cells per milliliter of blood increases threefold to four-fold higher without changing the CD4/CD8 ratio [36] . Our study shows that G-CSF has similar effects on T cells under conditions of myelosuppression.
As a hematopoietic growth factor, G-CSF also possesses immunomodulatory effects. In previous studies, Joshi and colleagues [37] found that T cell proliferation in response to standard mitogens was significantly impaired after G-CSF-mediated mobilization. Studies have also shown that G-CSF mobilization skews the cytokines secreted by T cells towards a type 2 profile upon alloantigen stimulation [38] . In our study, we found that G-CSF enhances T lymphocyte proliferation upon mitogen stimulation. This discrepancy may be due to differences in the circumstances (steady state or myelosuppression) in which G-CSF was used.
Although the precise mechanism remains unknown, our results demonstrate that G-CSF promotes thymocyte regeneration and peripheral T cell expansion after sublethal irradiation thus contributing to a more rapid and efficient T cell immune reconstitution.
